Technetium-99 (Tc) exists predominately in soluble forms in the liquid supernatant and salt cake fractions of the nuclear tank waste stored at the U.S. DOE Hanford Site. In the strongly alkaline environments prevalent in the tank waste, its dominant chemical form is pertechnetate (TcO 4 -, oxidation state +7). However, attempts to remove Tc from the Hanford tank waste using ion-exchange processes specific to TcO 4 -only met with limited success, particularly processing tank waste samples containing elevated concentrations of organic complexants. This suggests that a significant fraction of the soluble Tc can be present as non-pertechnetate low-valent Tc (oxidation state < +7) (non-pertechnetate). The chemical identities of these non-pertechnetate species are poorly understood. Previous analysis of the SY-101 and SY-103 tank waste samples provided strong evidence that non-pertechnetate can be comprised of [Tc(CO) 3 ] + complexes containing Tc in oxidation state +1 (Lukens et al. 2004) . During the last two years, our team has expanded this work and demonstrated that high-ionic-strength solutions typifying tank waste supernatants promote oxidative stability of the [Tc(CO) 3 ] + species (Rapko et al. 2013; Levitskaia et al. 2014) . It also was observed that high-ionic-strength alkaline matrices stabilize Tc(VI) and potentially Tc(IV) oxidation states, particularly in presence organic chelators, suggesting that the relevant Tc compounds can serve as important redox intermediates facilitating the reduction of Tc(VII) to Tc(I). Designing strategies for effective Tc processing, including separation and immobilization, necessitates understanding the molecular structure of these non-pertechnetate species and their identification in the actual tank waste samples. To-date, only limited information exists regarding the nature and characterization of the Tc(I), Tc(IV), and Tc(VI) species. One objective of this project is to identify the form of non-pertechnetate in the Hanford waste. To do this, we are developing a spectral library of reference non-pertechnetate compounds that can be compared against actual waste samples. n-is a possible source of non-pertechnetate Tc in Hanford tanks containing elevated levels of organics. As a companion effort, Tc(VI) and Tc(IV) compounds were generated through reduction of TcO 4 -. The reduction products were characterized by EPR spectroscopy and showed stabilization of Tc(VI) species in the liquid phase. In the tank waste, Tc(VI) that can be either present as a stable form, or be generated as an intermediate during the reduction of TcO 4 -to Tc(I). In summary, this project developed stable forms of non-pertechnetate Tc including [Tc(CO) 3 •Ligand] n-(where Ligand = IDA or Gluconate) and Tc(VI). The stability testing of these non-pertechnetate compounds is discussed in a separate report.
Summary
Technetium-99 (Tc) exists predominately in soluble forms in the liquid supernatant and salt cake fractions of the nuclear tank waste stored at the U.S. DOE Hanford Site. In the strongly alkaline environments prevalent in the tank waste, its dominant chemical form is pertechnetate (TcO 4 -, oxidation state +7). However, attempts to remove Tc from the Hanford tank waste using ion-exchange processes specific to TcO 4 -only met with limited success, particularly processing tank waste samples containing elevated concentrations of organic complexants. This suggests that a significant fraction of the soluble Tc can be present as non-pertechnetate low-valent Tc (oxidation state < +7) (non-pertechnetate). The chemical identities of these non-pertechnetate species are poorly understood. Previous analysis of the SY-101 and SY-103 tank waste samples provided strong evidence that non-pertechnetate can be comprised of [Tc(CO) 3 ] + complexes containing Tc in oxidation state +1 (Lukens et al. 2004) . During the last two years, our team has expanded this work and demonstrated that high-ionic-strength solutions typifying tank waste supernatants promote oxidative stability of the [Tc(CO) 3 ] + species (Rapko et al. 2013; Levitskaia et al. 2014) . It also was observed that high-ionic-strength alkaline matrices stabilize Tc(VI) and potentially Tc(IV) oxidation states, particularly in presence organic chelators, suggesting that the relevant Tc compounds can serve as important redox intermediates facilitating the reduction of Tc(VII) to Tc(I) . Designing strategies for effective Tc processing, including separation and immobilization, necessitates understanding the molecular structure of these non-pertechnetate species and their identification in the actual tank waste samples. To-date, only limited information exists regarding the nature and characterization of the Tc(I), Tc(IV) , and Tc(VI) species. One objective of this project is to identify the form of non-pertechnetate in the Hanford waste. To do this, we are developing a spectral library of reference non-pertechnetate compounds that can be compared against actual waste samples. The emphasis of the fiscal year 2015 work was Tc(I) tricarbonyl [Tc(CO) 3 ] + compounds. The key findings are summarized below.
A series of the reference [Tc(CO) 3 ] + compounds was synthesized and characterized by various spectroscopic techniques. It was concluded that aqua coordinated compounds [Tc(CO) 3 (H 2 O) 3-n (OH) n ] 1-n are unstable in alkaline solutions and unlikely to be present in the tank wastes. Among tested organic chelators evaluated for the feasibility of the complex formation with [Tc(CO) 3 ] + only gluconate and iminodiacetate (IDA) were found to form strong complexes persistent over prolong times, [Tc(CO) 3 •IDA] n-being the most stable. This suggests that [Tc(CO) 3 •IDA] n-and potentially [Tc(CO) 3 •Gluconate] n-is a possible source of non-pertechnetate Tc in Hanford tanks containing elevated levels of organics. As a companion effort, Tc(VI) and Tc(IV) compounds were generated through reduction of TcO 4 -. The reduction products were characterized by EPR spectroscopy and showed stabilization of Tc(VI) species in the liquid phase. In the tank waste, Tc(VI) that can be either present as a stable form, or be generated as an intermediate during the reduction of TcO 4 -to Tc(I). In summary, this iv Each individual spectroscopic technique being utilized has its own distinct advantages and will provide fingerprint like information about the individual components of tank waste. IR spectroscopy provides information regarding Tc-CO bonding in the spectral region largely free of interferences and is suitable for analysis of the electronic and geometric structure of Tc compounds containing the [Tc(CO) 3 ] + moiety. 99 Tc NMR spectroscopy is ideally suited for monitoring diamagnetic Tc(I) and Tc(VII) species. Small changes in ligand substitution result in large changes in chemical shift giving each compound a signature that is readily monitored. EPR spectroscopy is a complimentary technique to 99 Tc NMR and provides structural information on paramagnetic Tc species, which are generally of an even numbered oxidation state, and inaccessible via NMR spectroscopy. EPR spectroscopic measurements have very little interference from diamagnetic impurities present in solution, and thus is an ideal technique for studying paramagnetic species in complex mixtures. This work demonstrates that Tc(VI) even at low concentrations generates unique EPR signal suitable for identification of Tc this oxidation state. The observation that Tc(VI) signal persists in the solution simulating tank waste supernatants encourages application of EPR techniques for the analysis of the actual tank wastes.
In conjunction with the aforementioned techniques, density functional theory (DFT) computations are being benchmarked against the empirical results. This allows us to simultaneously pursue two routes towards determination of tank waste composition; characterizing the spectral fingerprints of individual species likely present in tank waste for facile identification of tank waste composition, and developing the capability to computationally predict the chemical structure of spectral signatures not yet catalogued in our database. DFT calculations complement each characterization techniques individually, and this work expanded our understanding of computational parameters. The computations have been validated against our experimental 99 Tc NMR and IR results showing excellent agreement between calculated and experimental spectral characteristics, and the work is currently underway to benchmark the calculations against our experimental EPR spectroscopic measurements. Once fully benchmarked the DFT computations will be used to predict species, which are likely present in Hanford tank waste but difficult to synthetically access in a laboratory environment.
Work our team is currently pursuing will expand a comprehensive spectral database for Tc species potentially present in the Hanford tank waste in two directions. The first objective is aimed at the expansion of the available library of non-pertechnetate compounds in different oxidation states and chemical forms. Synthesis and spectroscopic characterization of Tc(I, II) carbonyl nitrosyl and Tc(IV, VI) species is in progress. In companion effort, we are planning to expand the range of characterization techniques. X-ray Absorption Spectroscopy (XAS) can provide concrete evidence on Tc oxidation state as well as its identity of the first coordination sphere, and has been previously utilized to gain information about the nature of non-pertechnetate in actual Hanford tank waste supernatants. We are planning to expand XAS analysis for identification of Tc species in the actual tank waste supernatants of diverse compositions. 
ATR

Introduction
As described in TP-EMSP-0018  1 , Technetuim-99 (  99 Tc) , generated from the fission of 235 U and 239 Pu, is a major risk-driving component in the liquid fraction of nuclear waste tanks at the DOE Hanford Site in Washington State. Among radioactive constituents in the tank waste, 99 Tc presents a unique challenge. The long half-life ( = 292 keV; T 1/2 = 2.1110 5 y), complex chemical behavior in tank waste, and high mobility in subsurface environments make Tc one of the most challenging radionuclides to dispose of and/or remediate. Previous attempts to remove Tc from the Hanford tank waste using an ion-exchange process specific to pertechnetate (TcO 4 -) only met with limited success and were particularly less successful for the tank wastes, including tanks SY-101 and SY-103, containing organic complexants such as nitrilotriacetate (NTA), ethylenediaminetetraacetate (EDTA), citrate, and gluconate (Schroeder et al. 1998; Golcar et al. 2000) . This suggests that a significant fraction of the soluble Tc can be present as non-pertechnetate low-valent Tc (oxidation state < +7) (non-TcO 4 -). The chemical identities of these non-TcO 4 -species are poorly understood.
X-ray absorption analysis of the waste samples collected from the actual SY-101 and SY-103 tank waste supernatants suggested the presence of the non-pertechnetate species derived from Tc(I) carbonyl moiety (Lukens et al. 2004) . During last two years, our PNNL team has expanded this work and demonstrated that high ionic strength solutions typifying tank waste supernatants promote oxidative stability of the fac- [Tc(CO) 
+ species 2 (Rapko et al. 2013; Levitskaia et al. 2014) . Recent work by our group has significantly expanded this hypothesis, demonstrating that Tc(I) carbonyl compounds can be generated from reduction of TcO 4 -in simulated Hanford tank waste in the presence CO at elevated temperature (Levitskaia et al. 2014) , and on-going monitoring of these samples indicates long-term stability of Tc(I) carbonyl and Tc(VI) non-pertechnetate 3 . It also was observed that high ionic strength alkaline matrices stabilize Tc(VI) and potentially Tc(IV) oxidation states, particularly in presence organic chelators, suggesting that the relevant Tc compounds can serve as important redox intermediates facilitating the reduction of Tc(VII) to Tc(I). These results support the hypothesis that Tc(I)-containing [Tc(CO) 3 ] + species can be a prominent component of Hanford tank waste.
Designing strategies for effective Tc processing, including separation and immobilization, necessitates understanding the molecular structure of these non-pertechnetate species and their identification in the actual tank waste samples. To-date, only limited information exists regarding the nature and characterization of the Tc(I), Tc(IV), and Tc(VI) species. To address this need, the objective of this work is to build a library of the reference non-pertechnetate compounds and their spectroscopic database. The emphasis of the fiscal year 2015 work was [Tc(CO) 
Experimental
Materials
In-house NH 4 TcO 4 stock available at the Radiochemical Processing Laboratory (RPL) at PNNL was used. Diglyme, acetonitrile, diethyl ether, dichloromethane, and borane-tetrahydrofuran BH 3 /THF complex were obtained from Sigma-Aldrich and used without further purification. Gaseous CO used in the diglyme synthesis of the (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] was obtained from Matheson Tri-Gas. Argon gas also was obtained from Matheson. All inorganic sodium salts (including carbonate, oxalate, gluconate, nitrilotriacetate (NTA), iminodiacetate (IDA) nitrate, nitrite, hydroxide, and sulfate) and aluminum nitrate were obtained from Sigma-Aldrich and were of reagent grade. All aqueous solutions were prepared from distilled water deionized to 15 M cm with a Barnstead Nanopure water purification system. Caustic solution simulating Hanford tank waste supernatants was prepared following a procedure previously developed for the Pretreatment Engineering Platform (PEP) testing (Scheele et al. 2009 ), albeit with a reduced NaOH concentration. The composition of the simulant is given in Table 1 . Tc(I) in the chemical form of [Tc(CO) 3 Cl 3 ]
2-as described elsewhere (Levitskaia et al. 2014) . The (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] product was separated by precipitation. In a companion effort the second reduction step was repeated using 13 C-labelled CO to obtain (Et 4 N) 2 [Tc( 13 CO) 3 Cl 3 ]. The NMR-active 13 C isotope provides for additional compound characterization means and confirmation of the Tc(I) product structure as well as better understanding of the coordination environment around the Tc center.
The (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] compound was used to generate analytically pure tetrameric [Tc(CO) 3 (OH)] 4 species according to the modified literature procedure (Alberto et al. 1998 ) by dissolution in NaOH solution, extraction into diethyl ether, and crystallization from dichloromethane. To build a spectroscopic library of the [Tc(CO) 
+ complexes with small chelators found in the Hanford tanks, these compounds were prepared using similar a procedure previously employed to obtain [Tc(CO) 3 ] + •Gluconate complex (Levitskaia et al. 2014) . In a general synthetic procedure, (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] or [Tc(CO) The protocol for the complexation reaction using (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] starting material is as follows:
 Prepare 4 -5 mM (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] solution in 5 M NaNO 3 /0.1 M NaOH or in simulant;  Prepare 0.1 M chelator solution in 5 M NaNO 3 /0.1 M NaOH or in simulant;  Add 1 mL of Tc solution to 1 mL of the chelator solution. Monitor complex formation by 99 Tc NMR spectroscopy. In aqueous alkaline solution, the chloride ligands of the [Tc(CO) 99 Tc NMR.
It appeared that when the same protocol as described above was utilized for [Tc(CO) + material was dissolved in 5 M NaNO 3 /0.1 M NaOH or in simulant, mixed with the chelator solution, and monitored by 99 Tc NMR as described above.
Electrochemical Synthesis of Tc(IV) and Tc(VI) Compounds
Controlled potential electrolysis methods were used for the electrochemical reduction of TcO 4 -using a standard three-electrode cell stand and a Epsilon Potentiostat from Bioanalytical Systems (BASi), Indiana, USA.
Reduction was conducted in a BASi thin layer absorbance cell (1 mm path length). For cyclic voltammetry and controlled potential electrolysis measurements, a platinum mesh was used as a working electrode. All reported potentials were referenced versus a Ag/AgCl micro-electrode and a platinum wire was used at the auxiliary electrode. For the reduction of TcO 4 -to Tc(VI), a platinum 100 mesh electrode from Sigma-Aldrich (99.9%) was used as the working electrode. For the reduction to Tc(IV), a platinum coil electrode was used as the working electrode, onto which the Tc(IV) was electrodeposited by application of the appropriate reduction potential.
Reduction of Tc(VII) to Tc(VI) was confirmed by spectroelectrochemical technique employing absorption-based double potential step chronoabsorptometry. In a typical experiment, the initial potential was set to −0.1 V to ensure that the entire Tc concentration in the sample was in the fully oxidized TcO 4 -state, while absorption spectra were concurrently recorded. Subsequently, the working potential was set to a given value (E app ) and the solution was allowed to reach equilibrium, which was inferred when the UV-visible absorption spectrum no longer changed over a 3-4 min period. For spectroelectrochemistry measurements, a platinum 100 mesh electrode from Sigma-Aldrich (99.9%) was used as the working electrode. UV absorption spectra were recorded with a deuterium light source (Mikropack, model# DH 2000) and an Ocean Optics USB2000 detector (188-880 nm) using Spectra Suite Software for spectral data acquisitions. Spectroelectrochemical titration data thus obtained were analyzed according to the Nernstian expression (1) for a multi-electron transfer reaction:
where E o ' is the formal electrode potential, n is the number of electrons transferred, and [Red] and [Ox] are the respective concentrations of the fully reduced and fully oxidized species. The ratio [Red]/[Ox] at applied potential E app was estimated from (A ox -A)/(A-A red ), where A is the absorbance at a given wavelength. A ox is the absorbance of the fully oxidized species, which was estimated from the absorbance at the most positive value of E app (E app = -0.1 V; where [Ox]/[Red] > 1000); A red is the absorbance of the fully reduced sample, which was estimated from the absorbance at the most negative value of E app (E app = -0.8 V; where [Ox]/[Red] < 0.001) (Schroll et al. 2012 ). 
Spectroscopic Characterization
A range of spectroscopic techniques were utilized to characterize different [Tc(CO) 3 ] + species and build the spectroscopic library that can be used to effectively identify the different [Tc(CO) 3 ] + species as well as distinguish them from each other and from the other Tc species potentially present in the LAW fraction of the Hanford tank waste.
Technetium-99 nuclear magnetic resonance (NMR) spectroscopy. The NMR sample solutions were placed in capped polytetrafluoroethylene (PTFE)/fluorinated ethylene propylene (FEP) copolymer sleeves (Wilmad Lab Glass, Vineland, NJ), which were then inserted into 5-or 10-mm glass NMR tubes to provide secondary containment for the radioactive liquid. Technetium-99 NMR data were routinely collected at 67.565 MHz on a Tecmag Discovery spectrometer equipped with a 10-mm broadband Nalorac probe as described previously (Cho et al. 2004) . A solution containing 10 mM TcO 4 -was used as a Tc-99 chemical shift reference, and all chemical shift data are quoted relative to TcO 4 - (Franklin et al. 1982) .
Fourier Transform Infrared (FTIR) spectroscopy. FTIR measurements were conducted using a spectrometer (ALPHA model, Bruker Optics) operated with OPUS software (Version 6.5 Build 6.5.92). Samples were run directly on a diamond attenuated total reflectance (ATR) cell. For each sample, 24 scans with a resolution of 4 wavenumbers (cm -1 ) were averaged to give the final spectrum. A background of ambient air was used for all samples. A sample volume of approximately 10 μL was used for each analysis; this was adequate to cover the collection region of the ATR cell.
Technetium-99 electron paramagnetic resonance (EPR) spectroscopy. EPR spectra were acquired on a Bruker EMX Spectrometer equipped with an ER4102ST resonator (spectra at room temperature and 120 K) or an ER4116DM Dual Mode resonator (spectra at 5 K) and an Oxford ESR910 cryostat. Samples were doubly contained by employing unbreakable FEP tube liners (Wilmad Lab Glass, Vineland, NJ) inside traditional quartz EPR tubes. Liquid samples employed 1.5 -mm inner diameter (ID) liners and 4 mm outer diameter (OD) quartz tubes while frozen solution and powder samples used 3.15 mm ID liners and 5 mm OD tubes.
Theoretical Calculations
Density Functional Theory (DFT) computations were carried out using the ORCA software program (Neese 2012) utilizing the B3LYP functional, def2-TZVPP basis set (Schäfer et al. 1992; Weigend and Ahlrichs 2005) . Solvation effects where accounted for using COSMO with appropriate dielectric constant and polarizability for each solvent examined. Relativistic effects were handled using the zeroth order regular approximation (ZORA) to the Dirac equation. Computations were performed on clusters available through PNNL Institutional Computing (PIC).
Results
Characterization of [Tc(CO) 3 ]
+ by Solution 99 
Tc NMR Spectroscopy
NMR spectroscopy looks at the transition of a nuclear spin in a magnetic field from a low energy state in line with the magnetic field to a high energy state opposing the magnetic field. When placed in a magnetic field, NMR-active nuclei (such as 1 H, 13 C, or 99 Tc) absorb electromagnetic radiation at a frequency characteristic of the isotope. The excited nuclei subsequently emit this radiation in the form of a nuclear free induction decay, which is characteristic not only to the type of nucleus but also to the electronic environment of the nucleus determined by the molecular structure. Upon application of the external magnetic field, the electrons in the vicinity of a nucleus create a local magnetic field that "shields" the nuclei from the external magnetic field, affecting the required excitation energy. Different electronic environments of the nuclei result in different amount of shielding and generate unique NMR spectra characteristic for the corresponding chemical structures. For the NMR-active 99 Tc nucleus, the odd oxidation states of +1 and +7 with low spin are particularly suitable for NMR spectroscopy. It is noteworthy that Tc in the oxidation state + 7 and corresponding chemical form of pertechnetate TcO 4 -has been observed by NMR in Hanford tank wastes (Rapko et al. 2003) . Literature and our studies of [Tc(CO) 3 ] + compounds have indicated that they generate distinct NMR spectra exhibiting significant differences in their chemical shifts and line widths determined by the nature of the auxiliary ligands at detection limit and sensitivity very similar to those of pertechnetate (Gorshkov et al. 2000; Levitskaia et al. 2014 ) and therefore can be potentially determined in the tank waste supernatants by 99 Tc NMR spectroscopy. [Tc(CO) 3 Cl 3 ] and [Tc(CO) 3 (OH)] 4 products were confirmed by NMR spectroscopy described in this section and other techniques described in this report. It should be noted that the (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] compound is not expected to be present in the tank waste because it readily exchanges weakly coordinating Cl -ligands with water, hydroxide, and small organic chelators found in the tank waste. On the other hand, [Tc(CO) 3 (OH)] 4 tetramer species can potentially be present in the brine-like tank supernatants in which the activity of free water is low enough to effectively solvate these species and facilitate their dissociation to the monomeric species.
Since (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] readily exchanges Cl -ligands with water and is not present in the aqueous solutions at concentration levels sufficient for NMR analysis, it was characterized in organic solvents. The 99 Tc NMR spectrum of (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] in acetonitrile shows two sharp resonances at -1128 and -1136 ppm (Figure 2 ), suggesting two different [Tc(CO) + complex was reported at -2853 ppm (Mikhalev 2005) . Based on this information, the observed -1128 and -1136 ppm resonances were tentatively assigned to the mixed [Tc(CO) 3 Cl n (MeCN) 3-n ] 1-n complex species. On the other hand, the 99 Tc NMR spectrum of (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] in THF showed a single resonance at -970 ppm ( Figure 2 ) consistent with the [Tc(CO) 3 Cl 3 ] 2-species. No resonances due to other Tc(I) species or Tc(VII), TcO 4 -, were observed in both spectra collected in MeCN and THF. NMR spectra acquired in a different spectral window around +4000 ppm demonstrated the absence of Tc(V) species in the sample solutions (spectra not shown). These results confirm the Tc(I) oxidation state purity of the (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] compound. It is worth mentioning that that the generated species exhibit a high stability in both MeCN and THF solvents, revealing an identical spectrum for prolonged time (over a month), with no oxidative decomposition TcO 4 -.
Figure 2. 99 Tc NMR Spectra of the (Et4N) Tc- 13 C coupling constant reported in organic solvent. The small change in chemical shift of ~3 ppm observed using non-labeled and labeled CO is consistent with the substitution of 12 CO for 13 CO ligands (Aebischer et al. 2000) . This characteristic splitting of the Tc(I) resonance unambiguously confirms the presence of the [Tc(CO) 3 ] + core in the molecular structure. (Gorshkov et al. 2000; Levitskaia et al. 2014 ). This resonance shifts downfield in organic solvents due to less-effective solvation and appears at -548 ppm in diethyl ether and at -490 ppm in acetonitrile and dichloromethane. + species in aqueous high-salt alkaline solutions in the absence of small organic chelators (Rapko et al. 2013; Levitskaia et al. 2014) . These species are represented by the general formula [Tc(CO) 
1-n (n = 0 -3) and include [Tc(CO) 2-precursor in the 5 M NaNO3 solution at variable pH are shown in Figure 6 . The detailed speciation analysis and corresponding NMR assignment are reported elsewhere (Gorshkov et al. 2000; Rapko et al. 2013; Levitskaia et al. 2014) , and only a brief summary is given in this report.
+ species existing in the acidic solutions exhibit a single narrow (line width ~ 80 Hz) resonance at -868 ppm. The NMR spectrum remains largely invariant within the pH range between 0 and about 6, suggesting that [Tc(CO) species exist at equilibrium up to about 10 M hydroxide concentration. At 10 M NaOH and above, both species disappear and a third hydrolysis product, [Tc(CO) 3 (OH) 3 ] 2-, is formed as evident from the appearance of a new resonance at -1215 ppm. While these species have not been experimentally observed before, this assignment is consistent with the progressive downfield shift of the 99 Tc NMR resonances corresponding to the [Tc(CO) 
1-n products as the number of electron-rich hydroxide ligands in the complex structure increases. It is to be noted that at the high hydroxide concentrations, a significant amount of TcO 4 -is generated along with the [Tc(CO) 3 (H 2 O) 3-n (OH) n ] 1-n species. However, in the presence of high (5 M) NaNO 3 concentration, the rate of Tc(I) oxidation is significantly lower than in less concentrated solutions.
Dissolution of the [Tc(CO) 3 (OH)] 4 complex in 5 M NaNO 3 at various pH generated identical [Tc(CO) 
1-n species and corresponding NMR spectra as using [Tc(CO) 3 Cl 3 ] 2-precursor ( Figure 7) . The slightly different progression of the [Tc(CO) 3 ] + hydrolysis as a function of pH was attributed to the slow kinetics of the fragmentation of the [Tc(CO) 3 (OH)] 4 tetramer which persisted in the wider pH range for the prolonged time. This, however, will not affect identification of the [Tc(CO) 
1-n species in the actual tank waste samples. 
Simulant Solutions
The dissolution of the (Et 4 N) 2 [Tc(CO) In the previous work, we have observed formation of the [Tc(CO) 3 •Gluconate] n-complex in the alkaline solutions simulating Hanford tank waste supernatants and characterized its spectroscopic properties (Levitskaia et al. 2014 ). This work has been expended to evaluate feasibility of the complex formation of [Tc(CO) 3 ] + species with other small chelators found in the Hanford tanks, including formate, acetate, citrate, glycolate, gluconate, iminodiacetic acid (IDA), nitrilotriacetic acid (NTA), ethylenediaminetetraacetic acid (EDTA), N-(2-hydroxyethyl)ethylenediamine-N,N',N'-triacetic acid (HEDTA), and diethylenetriamine-N,N,N,N'',N''-pentaacetic acid (DTPA). The complex formation of [Tc(CO) 3 ] + with different chelators in 5 M NaNO 3 /0.1 M NaOH and simulant solutions was monitored by 99 + (generated from [Tc(CO) 3 (OH)] 4 as described in Section 3.0) precursors were used in the complexation reaction. Upon dissolution in 5 M NaNO 3 /0.1 M NaOH and simulant solutions, both precursors generated the hydrolysis product [Tc(CO) 3 (H 2 O) 2 (OH)], which is reacted with the chelator present in the solution. The complexation results and the observed NMR characteristics of the complex compounds are summarized in Table 2 . Gluconate effectively coordinates to [Tc(CO) n-( Figure 12 ). In 5 M NaNO 3 /0.1 M NaOH solution, the complexation process is completed in about 4 -8 hours, and 85% of Tc(I) is converted to [Tc(CO) 3 •Gluconate] n-form as characterized by the appearance of the resonances at -1100, -1232, and -1354 ppm, indicating three inequivalent Tc(I) environments generated upon gluconate coordination; the structure of the [Tc(CO) Figure 12 . Solution 99 Tc NMR Spectra of [Tc(CO) 3 •Gluconate] n-(δ = -1100, -1232, and -1354 ppm) in 5 M NaNO 3 /0.1 M NaOH (bottom, black trace) and in Simulant (top, red trace). The resonance at δ = -1070 ppm is due to [Tc(CO) 
The IDA ligand exhibits a remarkably high affinity towards [Tc(CO) 3 ] + in both 5 M NaNO 3 /0.1 M NaOH and simulant. The NMR spectra of the [Tc(CO) 3 •IDA] n-product in both the matrices are characterized by an intense resonance at -998 ppm, with a weaker, broader resonance at -850 ( Figure 13 ). It is also worth noting that the kinetics of [Tc(CO) 
n-formation is fast, resulting in complete conversion of [Tc(CO) 3 (H 2 O) 2 (OH)] to [Tc(CO) 3 •IDA] n-within 30 minutes. 
Infrared (IR) Spectroscopy
In characterizing the [Tc(CO) 3 ] + compounds, IR spectroscopy is most useful for identification of Tc-CO bonds which generate distinct fingerprint signals occurring in a spectral region where little potential interferences exist. So with appropriate detector and sufficient number of scans we can observe high micro molar concentrations of Tc(I) carbonyl compounds. It can potentially provide useful structural information to compliment NMR technique. There is no precedent of IR measurements of the actual tank waste, however it remains to be attractive techniques due to its simplicity and availability (Serne et al. 2014) .
FTIR Spectroscopy of the Starting Materials
(Et 4 N) 2 [Tc(CO) 3 Cl 3 ]
The IR spectrum of the isolated solid (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] material showed the presence of the characteristic Tc-CO vibration bands at 1980, 1871, and 1844 cm -1 (Figure 14) . The band at 1871 cm -1 appears as a shoulder to the intense band at 1844 cm -1 . These bands are attributed to the symmetric inplane, symmetric out-of-plane, and asymmetric stretches (Alberto et al. 1995; Dattelbaum et al. 2002) . Computational models developed in this study revealed that these vibrations result from the contributions from all three CO groups. Weak bands appearing at 2989 cm -1 and 2956 cm -1 are assigned to C-H stretches (Alberto et al. 1995) . The bands in the crowded fingerprint region are also in agreement with the ones reported for the (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] compound (Alberto et al. 1995) 
[Tc(CO) 3 (OH)] 4
The IR spectrum of the solid [Tc(CO) Figure 16 ). The broad band is assumed to be the overlap of the symmetric and asymmetric C-O stretches. These bands are in agreement with those previously observed for [Tc(CO) 
Solution FTIR Spectroscopy of [Tc(CO) 3 (H 2 O) 3-n (OH) n ] 1-n and [Tc(CO) 3 •Ligand] n-Complexes
The IR fingerprint region (<1300 cm -1 ) of the aqueous 5 M NaNO 3 /0.1 M NaOH and simulant solutions contains interfering bands due to the oxy-anions, and therefore is unsuitable for the identification of the solutes. However, the carbonyl spectral region (1700-2500 cm -1 ) is devoid of spectral interferences and can be useful for the determination of the [Tc(CO) 3 ] + species. The solutions containing weak complexing agents such as NTA, EDTA, and DTPA as well as [Tc(CO) 3 (H 2 O) 2 (OH)] species generated IR spectra nearly identical to that of a [Tc(CO) ncompounds in the carbonyl region shown in Figure 17 , demonstrates structure-dependent characteristic CO vibrations. The CO vibrations are listed in Table 3 . Gluconate and IDA complexes show multiple vibrations in the Tc-carbonyl region (1700-2500 cm -1 ) which are attributed to carboxylate vibrations of the Tc-coordinated ligands in addition to the characteristic Tc-CO vibrations arising from the [Tc(CO) 2162 , 2115 , 2067 , 1989 , 1937 , 1956 (sh), 2034 3 •IDA] n- 2243, 2193, 2152, 2051, 2012, 1981, 1939 
Tc Electron Paramagnetic Resonance (EPR) Spectroscopy
Similar to NMR spectroscopy, EPR spectroscopy measures the transition of an unpaired spin in an external magnetic field from a low energy state in line with the external magnetic field to a high energy state antiparallel to the external magnetic field. However, rather than directly probing unpaired nuclear spin as is the case with NMR, EPR directly probes unpaired electron spin. EPR measurements can be performed in solid or solution state and generated signals are responsive to the chemical environment of atoms over which the unpaired electron spin is delocalized. Technetium in oxidation states of II, IV, and VI has an outer electron configuration of 4d 5 , 4d 3 , and 4d 1 , respectively, and is therefore paramagnetic and susceptible to measurements by EPR spectroscopy. Technetium EPR spectroscopy is most suited for these paramagnetic oxidation states of Tc that cannot be observed by 99 Tc NMR; in this sense, EPR and NMR complement each other, allowing observation of Tc in most oxidation states. To date, EPR has not been applied to analysis of Hanford tank supernatants, and developmental work is needed to address questions about potential interferences and to identify the detectable concentrations of various Tc species. If developed, the EPR method can provide useful information for identification of non-pertechnetate species in the tank waste, including oxidation state and chemical environment of Tc compounds in the even oxidation states.
In 2014, development of the Tc EPR method was initiated using a standard Tc(V) compound, [TcOCl 4 ] -, existing in equilibrium with the EPR-active Tc(VI) species, [TcOCl 5 ] 2- (Levitskaia et al. 2014 ). Technetium in the oxidation state of IV was tested by EPR using [Tc(IV)Cl 6 ] 2-. It was observed that Tc(IV) and Tc(VI) generate strong and distinct spectra even at trace concentration levels. Based on these promising results, Tc EPR is applied in this work for identification of non-pertechnetate Tc(IV) and Tc(VI) species in oxidation states unsuitable for Tc NMR spectroscopy.
FY 2015 EPR experimentation included three activities summarized below. Activity 1. Electrochemical generation and EPR measurements of Tc(IV) and Tc(VI) in 5 M NaNO 3 /variable NaOH solutions. The electrochemical synthesis method provides the advantages of controlled reaction conditions and generation of material with known Tc oxidation state and chemical environment. These samples were used to properly tune the EPR instrument and develop methods for the Tc measurements in complex matrices. These samples can provide reliable EPR spectral information suitable for identification of the Tc(IV) and Tc(VI) species in complex mixtures. Activity 2. EPR measurements of the Tc(IV) and Tc(VI) samples chemically generated by reduction of TcO 4 -by CO/H 2 reductant in the simulant with and without gluconate and catalytic noble metals as described in our FY 2014 report (Levitskaia et al. 2014) . In these studies, the EPR method developed under Activity 1 is utilized, and EPR spectra of Tc(IV) and Tc(VI) generated in simple 5 M NaNO 3 solutions served as controls for comparison purposes. The EPR measurements of the chemically generated Tc(IV) species are currently in progress and will be discussed in follow-up reports. Activity 3. EPR measurements of the Tc(I) (Et 4 N) 2 [Tc(CO) 3 Cl 3 ] and [Tc(CO) 3 (OH)] 4 compounds to check for the presence of Tc impurities in +2, +4, and +6 oxidation states using the EPR method developed under Activity 1. It was observed that the acquired EPR spectra contained no signals due to Tc species, confirming Tc(I) oxidation state purity in agreement with the NMR results described in Section 4.1. of this report. No further description of these measurements is included in this report.
Spectroelectrochemical Generation and Monitoring of Tc (IV) and Tc (VI)
To evaluate the spectroelectrochemical behavior of TcO4 -in 5 M NaNO 3 solutions, absorption-based double potential step chronoabsorptometry was employed. The initial potential was set to −0.1 V to ensure that all of the Tc in the sample is present in the fully oxidized TcO 4 -state, while absorption spectra were concurrently recorded. Subsequently, the working potential was set to a given value (E app ), and the solution was allowed to reach equilibrium, which was inferred when the UV-visible absorption spectrum no longer changed over a 3-4 min period. Shown in Figure 18 are the absorption spectra at each potential as E app was decreased in a stepwise fashion. This allowed for measurements on the fully oxidized TcO4 -and fully reduced forms, as well as intermediate mixtures. Reversing the step direction or varying the step size gave the same spectral results (not shown). Spectroelectrochemistry for the first process shows isosbestic behavior, suggesting presence of two equilibrium species. At the most negative potential, the quantitative conversion of TcO 4 -to TcO 4 2-product was observed. The spectroelectrochemical titration data thus obtained were analyzed according to the Nernstian equation for electron transfer reaction, which shows a 1 e -transfer. This is suggestive of a one-electron process as described by reaction (2). 
Beyond -800 mV, there is deposition of black precipitate on the working electrode surface, which further reduces the absorbance by obstructing the light path. This precipitate is presumably insoluble TcO 2 formed by the reduction of TcO 4 2-that deposits on the electrode surface. 
EPR Spectroscopy of Electrochemically Generated Tc (VI) Species
EPR spectra are analyzed primarily through examination of two experimental parameters known as the g-value, and the a-value. The g-value is a dimensionless measure of the strength of the magnetic field generated by the unpaired electron, which is being experimentally probed. Small changes in the chemical environment correspond to a shift in observed g-value relative to that of an unbound electron. This is analogous to chemical shift measured in NMR spectroscopy, and can be used as evidence of metal oxidation state and chemical composition.
When an electron with unpaired spin is in the presence of nuclei which also have unpaired spin, interaction takes place that results in the single spectral response of the unpaired electron being split into multiple resonances. This splitting of the signal is known as hyperfine splitting, and the a-value is a measurement of the magnitude of splitting, which in turn is determined by the strength of the interaction between the electron and nucleus as well as the nuclear magnetic moment. The number of resonances 
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Absorbance lines that the signal is split into is determined by 2nI+1 where n is the number of nuclei the electron is interacting with and I is the nuclear spin of those nuclei. Thus, EPR is an effective tool to measure chemical and isotopic composition provided unpaired electron spin is present.
Samples of TcO 4 -in a 5 M NaNO 3 /2 M NaOH solution were subjected to a working electrode potential of -800 mV vs. a Ag/AgCl reference electrode in order to generate a sample of Tc(VI) . The solution in the vicinity of the working electrode surface was collected and subjected to EPR spectroscopy experiments at 125 K. The representative results for the 5 M NaNO 3 /2 M NaOH solution are described below.
The Tc(VI) EPR spectrum in 5 M NaNO 3 /2 M NaOH is show in Figure 19 . Examination of the spectrum shows evidence of an axial spin system (two of three axes in the atomic reference frame are degenerate) with an overlap of 10 resonances for g ǁ and 10 resonances for g perpendicular. The sharp spectral response in combination with observed hyperfine splitting and approximate g-value is consistent with an electron spin ½ system in which spin density primarily resides on a 99 Tc nucleus in near cubic symmetry. Due to the electrochemical potential at which the samples were generated (Rard 1983) coupled with UV-vis spectroelectrochemical determination of electron transfer stoichiometry through Nernstian analysis (see Section 4.3.1), we feel confident that this EPR spectrum is due to a Tc(VI) TcO 4 2-species.
Least-squares fitting of the spectrum was carried out with the Easyspin software package (Stoll and Schweiger 2006) in order to extract experimental g-values and a-values. Despite the apparent axial nature of the EPR spectrum, all axes in the molecular frame were allowed to vary independently during the least-squares fit. Values converged to an approximately g 1 ~ g 2 < g 3 and a 1 ~ a 2 < a 3 arrangement consistent with near degeneracy about two about two axes. The results are summarized in Table 4 . 
EPR Spectroscopy of Chemically Generated Tc (VI) Species
As aforementioned, the EPR technique is being evaluated for use in determining Tc species in Hanford tank waste. Therefore, a product obtained from the chemical reduction of TcO 4 -in the simulant solution in presence of CO at elevated temperature and pressure as described in our previous report (Levitskaia et al. 2014 ) was subjected to analysis by EPR spectroscopy. The resulting spectrum can be seen in Figure 20 . This spectrum shows many similarities to that of Figure 19 , albeit considerable line broadening is present, which is attributable to the more complex chemical composition of the reaction mixture present. An overlay of these two spectra can be seen in Figure 21 . The frequency shift between these two spectra is due to the different chemical environment of Tc(VI) as well as to a minor shift of microwave frequency of the EPR instrument (9.626635 vs. 9.625497 GHz). Hyperfine constants and g values from the simulation of electrochemically species were used as a starting point to simulate the spectrum seen in Figure 21 , and a reasonable fit was obtained with only minor adjustment of the parameters. This suggests a Tc(VI) species of similar geometry is likely responsible for the spectrum in Figure 21 . Due to the present of gluconate, which is highly coordinating, this species is attributed to Tc(VI)•gluconate complex. Like the spectrum in Figure 19 , this spectral signature shows remarkable persistence, with the generated signal being observable up to a full year later (this is subject of the follow-up Task 3 report).
Additionally, close examination of downfield peaks of each spectrum shows a similar splitting pattern in each spectrum. Unfortunately the width of splitting is approximately the same as the line width, so determination of the nature of this splitting from the least-squares fitting is unreliable.
The chemically generated Tc(VI) species has been found to be remarkably stable, with a single solution store at room temperature being capable of generating a spectral response in excess of a year after generation. 
EPR Spectroscopy of Electrochemically Generated Tc(IV) Species
Tc(IV) species were generated electrochemically by holding the solution at -1,000 mV vs. a Ag/AgCl reference electrode, wherein the product was electrodeposited on the surface of the working electrode. The working electrode was then subjected to EPR spectroscopy experiments. Spectra due to Tc(IV) species are anticipated to have a more complex appearance and considerable line broadening over Tc(VI) species due to the increased total electron spin of the system to greater than ½. As can be seen in Figure 22 , line broadening due to the quartet ground state has caused line broadening to such a degree that specific hyperfine interactions are difficult to discern. 
Discussion
The emphasis of the FY 2015 work described in this report was on understanding spectroscopic signatures and development of the library of Tc(I) compounds derived from the [Tc(CO) Figure 22 .
The obtained 99 Tc NMR spectroscopic database is summarized in Table 5 . The NMR data for all compounds are nearly identical in all the solution matrices, including water, 5 M NaNO 3 , or simulant, demonstrating that anions (other than hydroxide) typifying tank supernatant matrix exhibit no interaction with the [Tc(CO) 1-n spectra that are being experimentally generated during construction of the spectral library. Despite the difficulties in modeling a highly challenging solvent system with strong intermolecular interactions such as hydrogen-bonding, the DFT computations are able to closely estimate chemical shifts present in 99 Tc NMR spectra, as can be seen in Table 5 . For the systems with well-defined chemical structures in aqueous solvent similar to tank waste conditions, DFT computations are predicting chemical shifts to within 100 ppm in a Tc spectral window that is greater than 10,000 ppm wide. Many of the species modeled, particularly the tricarbonyl aqua and tricarbonyl hydroxide species, are modeled even more accurately and fall within 40 ppm of the experimentally observed signals. Given the large range present in the 99 Tc NMR spectral window, DFT computations have proved a valuable tool for structural verification and identification of 99 Tc NMR assignments for new species. Among small chelators evaluated for the feasibility of the complex formation with [Tc(CO) 3 ] + , only gluconate and IDA were found to form strong complexes, with IDA being the most coordinating, potentially due to coordination of the amino nitrogen in addition to carboxylic oxygen to the Tc center. NTA, EDTA, and DTPA formed weak complexes and were not able to effectively compete with hydroxide ligands for Tc coordination sites; therefore, their existence in the tank wastes is deemed unlikely.
While previous work (Lukens et al. 2004) had demonstrated the presence of [Tc(CO) 3 •Gluconate] ncomplex in Hanford tank waste from EXAFS analysis, the exact coordination environment around the Tc center had not been determined yet. Comprehensive analyses using 99 Tc NMR conducted in this work revealed that complexation of gluconate results in three distinct [Tc(CO) 3 •Gluconate] n-chemical environments. Based on molecular modelling calculations, the resonances at -1232 and -1254 ppm are tentatively attributed to species G and H in Figure 23 . The broad resonance at -1100 ppm is speculatively attributed to the polynuclear [Tc(CO) 3 •Gluconate] n-species. Similarly, IDA also exhibits a remarkably high affinity towards [Tc(CO) 3 ] + in both 5 M NaNO 3 /0.1 M NaOH and simulant, showing an intense resonance at about -1000 ppm and a weaker and broader resonance at about -850 ppm. The resonance at -1000 ppm is assigned to a [Tc(CO) 3 •IDA] n-species whose structure is tentatively assigned to the structure I (Figure 23) + with IDA (Rattat et al. 2004) .
Overall based on the assembled 99 Tc NMR spectral database, it is concluded that pertechnetate and the various [Tc(CO) 
1-n and [Tc(CO) 3 •Ligand] n-complexes, which presence can be anticipated in the tank waste, can be unambiguously identified by NMR spectroscopy provided they exist at concentration levels observable by this technique (high micromolar and above).
The obtained 99 Tc NMR spectroscopic database is summarized in Table 5 . The IR-spectroscopic data demonstrate that the Tc-carbonyl region (1700-2500 cm -1 ) is anticipated to be free from most interferences coming from various oxy-anions present in tank waste supernatants, and can be potentially utilized for the determination of the [Tc(CO) 
1-n complexes. Identification of the [Tc(CO) 3 •Ligand] n-compounds can be difficult due to the overlapping signals from the carboxylic group coordinated to Tc. While Tc (VI) has traditionally been considered to be very short-lived, EPR signals observed from samples generated electrochemically and chemically have persisted, respectively, for in excess of one week and one year periods of time. This is an unexpected result from the current study and gives us a chance to interrogate an important intermediate in the redox steps between Tc (I) and Tc (VII). The spectrum of the electrochemically generated sample of TcO 4 2-shows many similarities to the spectrum resulting from the chemical reduction of TcO 4 -by CO/H 2 , suggesting that similar species are responsible for both spectra. This is gives important insight to the mechanistic pathway of Tc(VII) reduction inside the tanks, as CO and H 2 are both present as auto-radiolysis products within the tanks. 2162, 2115, 2067, 1989, 1937, 1956(sh) 2243, 2193, 2152, 2051, 2012, 1981, 1939 Not calculated DFT modelling has also been performed in order to predict the experimentally observed carbonyl stretching frequencies observed in FTIR spectroscopy. The tabulated results can be viewed in Table 6 . Identical computational methods were used for the IR frequencies as were used in the 99 Tc NMR computations. The resulting in carbonyl stretching frequencies require a uniform shift of only 0.8% to be realigned with experimentally observed spectra. Given that inorganic carbonyl ligands are one of the few vibrations to occur in this region, coupled with drastic changes observed in inorganic carbonyl IR spectral signatures with minor changes in metal center electron density, and geometrical changes make this a powerful predictive tool.
Conclusions
In summary, this project developed stable forms of non-pertechnetate Tc including [Tc(CO) 3 •Ligand] n-(where Ligand = IDA or Gluconate) and Tc(VI). The stability testing of these non-pertechnetates compounds is discussed in a separate report.
Various [Tc(CO) 3 ] + species that are potentially to be contained in Hanford tank waste have been synthesized and characterized by IR spectroscopy, 99 Tc NMR spectroscopy, and EPR spectroscopy. In conjunction with the aforementioned techniques, DFT computations are being benchmarked against the empirical results. This allows us to simultaneously pursue two routes towards determination of tank waste composition: characterizing the spectral fingerprints of individual species likely present in tank waste for facile identification of tank waste composition, and developing the capability to computationally predict the chemical structure of spectral signatures not yet catalogued in our database.
Each individual spectroscopic technique being utilized has its own distinct advantages and will provide fingerprint-like information about the individual components of tank waste. IR spectroscopy is suitable for analysis of the electronic and geometric structure of Tc compounds containing the [Tc(CO) 3 ] + moiety. The spectral region these moieties are observed in is populated by few other IR-active species, and the technique is sensitive to minute changes in molecular symmetry and metal center electron density, which in turn is related to Tc oxidation state. 99 Tc NMR spectroscopy is ideally suited for monitoring diamagnetic species with an even Tc oxidation state. Small changes in ligand substitution result in large changes in chemical shift, giving each compound a signature that is readily monitored. EPR spectroscopy is a complimentary technique to 99 Tc NMR and provides structural information on paramagnetic Tc Based on the results of these measurements, it is proposed to use NMR, EPR, and IR spectroscopic techniques for Tc speciation analysis in the actual tank waste samples.
DFT calculations complement each of these techniques individually, and this work expanded our understanding of computational parameters. The computations have been validated against our experimental 99 Tc NMR and IR spectra, and work is currently underway to benchmark the calculations against our experimental EPR spectroscopic measurements. Once fully benchmarked, the DFT computations will be used to predict species that are likely present in Hanford tank waste but difficult to synthetically access in a laboratory environment.
Work our team is currently pursuing will expand a comprehensive spectral database for Tc species potentially present in the Hanford tank waste in two directions. The first objective is aimed at the expansion of the available library of non-pertechnetate compounds in different oxidation states and chemical forms. Synthesis and spectroscopic characterization of Tc(I, II) carbonyl nitrosyl and Tc(IV, VI) species is in progress. In a companion effort, we are planning to expand the range of characterization techniques. X-ray absorption spectroscopy (XAS) can provide concrete evidence on Tc oxidation state as well as the identity of the first coordination sphere. X-ray adsorption near edge structure (XANES) and Extended X-ray absorption fine structure (EXAFS) spectroscopy have been previously utilized to gain information about the nature of n-Tc in actual Hanford tank waste supernatants (Blanchard et al. 1997; Lukens et al. 2004 Lukens et al. , 2006 , but exact assignment of chemical species has been difficult due to a lack of EXAFS and XANES spectra on known Tc compounds.
The planned testing includes obtaining the actual waste samples collected from various Hanford tanks and their characterization for Tc speciation with NMR, EPR, IR, and XAS spectroscopies.
